Abstract: With the advancement in understanding the biology of non-small cell lung cancer (NSCLC), therapies focused on novel molecular pathways have come to the forefront of NSCLC treatment. This review focuses on the preclinical and clinical aspects underlying the targeting of RAS aberrations in NSCLC with special focus on MEK inhibitors which work by inhibiting the principal downstream mediator of RAS aberrations with a view on how to optimize outcomes with these agents. Preclinical evidence of the activity of MEK inhibitors in KRAS-mutant NSCLC has pushed forward the clinical development of these agents (namely selumetinib and trametinib) in KRAS-mutant NSCLC particularly in combination with other agents. A number of randomized studies have been launched to confirm the activity of these agents and to establish their position in the treatment armamentarium of NSCLC.
Introduction
Lung cancer represents a global health burden and a leading cause for mortality and morbidity and it tops the list of causes of cancer-related death [Thun et al. 2008] . Smoking has been considered the main etiologic factor for lung cancer and the incidence of lung cancer varies worldwide with the local smoking practices in different regions [Silvestri et al. 2013] .
Until now, the prognosis of advanced non-small cell lung cancer (NSCLC) has looked bleak; thus, the search for more refined and effective approaches for this disease has been of prime importance for cancer researchers [Detterbeck et al. 2013] . RAS mutations have been among the most interesting molecular aberrations in NSCLC. This review focuses on the preclinical and clinical aspects underlying the targeting of RAS aberrations in NSCLC.
Basic biology of the RAS-ERK pathway and its role in lung carcinogenesis:
The mitogen-activated protein kinase (MAPK) pathway (also known as the RAS-Raf-MEK-ERK pathway) is an important pathway in both health and disease [Chang and Karin, 2001] . It involves a family of kinases that regulate many critical cellular processes such as proliferation, differentiation and survival [Thompson and Lyons, 2005] . This pathway works through transmitting extracellular signals from different external stimuli, e.g. growth factors, cytokines and hormones to intracellular pivotal molecules which consequently lead to the desired biological events [Roskoski, 2010] .
RAS proteins are a family of proteins which represent the first relay point for this pathway. This family consists of essentially a group of small GTPases which function by transmitting signals from trans-membranous receptors into the principal pathways within the cell [Goodsell, 1999] . Because their function implies stimulation of growth and proliferation, they have been implicated in the carcinogenesis of many cancers [Downward, 2003] . The three most common oncogenic RAS subfamilies discovered in humans are KRAS, NRAS and HRAS [Malumbres and Barbacid, 2003 ].
KRAS mutation has been estimated to occur in a considerable proportion of NSCLC cases. Moreover, adenocarcinoma had a higher frequency of KRAS mutations than other subtypes of NSCLC (p < 0.001) [Boch et al. 2013] . Moreover, approximately 97% of KRAS mutations in NSCLC involve codons 12 or 13 [Forbes et al. 2006] .
The incidence of KRAS mutations in NSCLC has been reported to correlate with some clinicopathological characteristics of the patients in some studies. For example, in a retrospective analysis of the distribution of KRAS mutations, Bauml and coworkers found that while KRAS mutation (occurring in this study at a frequency 28.1%) was not associated with race (p = 0.51 for African American versus White patients), it was more common among smokers (p < 0.001) and females (p = 0.01) [Bauml et al. 2013] . Moreover, similar incidence of KRAS mutations has been found in primary and in metastatic lesions. In a nice analysis of KRAS and BRAF genes mutation in the central nervous system (CNS) metastases of NSCLC conducted by Nicoś and coworkers, KRAS mutations were present in 21.4% of the metastatic lesions and in 23.3% of corresponding primary tumors. The majority of the mutations were found in codon 12 of KRAS. KRAS mutations were more frequent in smokers with adenocarcinoma [Nicoś et al. 2015] .
Although KRAS mutations are the most prevalent and most frequently studied RAS mutations, other RAS mutations also indicate distinct clinicopathological and therapeutic characteristics. As an example, the frequency and clinical characteristics of lung cancer patients harboring NRAS mutations have been assessed in a recent publication by Ohashi and coworkers in which clinical data were assessed from patients with NRASmutant lung cancer reported in the COSMIC (Catalogue of Somatic Mutations in Cancer) study [Ohashi et al. 2013] . Moreover, six NRASmutant cell lines were screened for sensitivity against multikinase inhibitors (e.g. EGFR, ALK, MET, and MEK inhibitors). It was found that NRAS mutations define a distinct subset of lung cancer (∼1%) with potential sensitivity to MEK inhibitors (particularly trametinib and selumitinib). These mutations are more common in current/former smokers.
RAS mutations (particularly KRAS) are accompanied by an overactivation of the Raf/MEK/ ERK signaling. First, direct targeting of mutant RAS has been proposed to overcome this overactivation. However, until the present, direct targeting was not successful because KRAS mutations impair GTPase binding so that RAS is predisposed to remain in a GTP-bound active state, which is difficult to target with small molecules [Riely et al. 2009] . As an alternative, alternative many groups are trying to target signaling downstream effectors of RAS; MEK inhibition is one example and the focus of this review [Yoon et al. 2010] .Their role has been initially confirmed by the preclinical finding of increased susceptibility of 43 NSCLC cell lines to selumetinib (MEK 1-2 inhibitor) in the presence of RAS mutations [Garon et al. 2010] . Moreover, targeting of HRAS mutations through the use of farnesyl transferase inhibitors have been tried with initial preclinical encouraging results; however, this cannot be transferred widely to the clinic at present [Baines et al. 2011] .
MEK inhibitors in preclinical and clinical phases of development
Currently, a number of MEK inhibitors are undergoing different phases of clinical assessment. These include trametinib, selumetinib, cobimetinib, binimetinib in addition to many other molecules under preclinical/early clinical development [Wang et al. 2007] . Trametinib has been the first agent to be approved by the US Food and Drug Administration (FDA) for BRAFmutant advanced melanoma and it has been evaluated extensively in combination with dabrafenib in the same indication [Weber et al. 2012; Kim et al. 2013] . Selumetinib has been evaluated in NSCLC and BRAF-mutant advanced melanoma with very encouraging results [Robert et al. 2013] . Notably, a number of characteristic adverse events have been linked to different MEK inhibitors including diarrhea, hypertension, and acneiform skin eruption [Abdel-Rahman et al. 2015a , 2015b , 2015c .
Preclinical evidence of activities of MEK-targeting agents in NSCLC
A number of studies assessed preclinically the activity of MEK targeting agents both as a monotherapy in treatment-naïve cells and in combination with EGFR tyrosine kinase inhibitors (TKIs) in erlotinib-or gefitinib-resistant cells.
Monotherapy in treatment-naïve cells
In an interesting study (Table 1) , human in vitro 3D lung adenocarcinoma models (OncoCilAir) mutated for KRAS were used to assess the antitumor efficacy of MEK inhibitors (selumetinib/ trametinib). Remarkably, tumors showed a reduced growth in response to the MEK inhibitors, but stopping the selumetinib leads to tumor relapse [Mas et al. 2015] . Moreover, a murine lung cancer cotrial conducted concomitantly with a randomized phase II study of docetaxel with or without selumitinib showed that the addition of selumetinib provided substantial benefit for mice with lung cancer caused by KRAS [Chen et al. 2012] .
These two studies provide initial encouraging data about the potential activity of MEK inhibitors in halting the progression of lung adenocarcinoma cell lines particularly those having KRAS mutations.
Combination MEK/EGFR inhibitors in cells resistant to EGFR-TKIs
A number of preclinical studies have shown an interesting synergistic effect of cotargeting MEK and EGFR in cells resistant to previous EGFRTKIs therapy. Initially, Huang and coworkers have presented the results of a preclinical study in gefitinib-resistant PC-9 cells which harbor EGFR exon 19 deletion. They have shown that persistent activation of MAPK pathway boosts the acquired gefitinib resistance and that combined treatment with EGFR/ MEK inhibitors may be effective for some lung adenocarcinoma cells harboring EGFR mutations which confer resistance to EGFR-TKIs [Huang et al. 2013] . Moreover, another interesting study has shown that acquired resistance to EGFR inhibitor AZD9291 is associated with increased RAS signaling in preclinical models. This gives an additional clue to the possible role of combined EGFR/MEK inhibition in management of some NSCLC cases [Eberlein et al. 2015] . In a third study by Morgillo and coworkers, resistance of lung adenocarcinoma cell line CALU-3 to four TKIs (erlotinib, gefitinib, vandetanib and sorafenib) has been assessed. Interestingly enough, they found that treatment with selumetinib inhibited cell proliferation and migration both in vivo and in vitro for all four TKI-resistant CALU-3 cell lines. This gives an additional clue as to the potential role that may be played by MEK inhibitors in overcoming resistance of other targeted therapies in lung adenocarcinoma [Morgillo et al. 2011 ].
Thus, the above studies provide preclinical evidence for the activity of MEK inhibitors as an add-on therapy for overcoming the resistance to EGFR-TKIs. This idea has been investigated clinically in a randomized phase II study [ClinicalTrials.gov identifier: NCT01229150] evaluating selumetinib/erlotinib combination in NSCLC with either wild-type or mutant KRAS. The publication of the final results of this study is still awaited.
More recently, Qu and coworkers provided an additional innovative way by which MEK inhibitors overcome the potential resistance of EGFRTKIs. In this study, selumetinib in combination with the PI3K/mTOR inhibitor BEZ235 were evaluated in gefitinib-resistant NSCLC xenograft models and actually such a combination has shown an enhanced antitumor and antiangiogenic effect. This gives an extra support for the clinical evaluation of this novel combination in the setting of EGFR-resistant NSCLC considering that PI3K/mTOR pathway is a potential escape pathway inducing resistance to therapies targeting the MAPK pathway [Qu et al. 2014] . 
Clinical evidence of activity of MEK-targeting agents in NSCLC
Initially, selumetinib has been evaluated in a previously treated unselected NSCLC patient population as compared with pemetrexed in a randomized phase II study (Table 2) . Despite the clinical activity of selumetinib in this setting, it does not offer any advantage over standard treatment with pemetrexed. Thus, it has been suggested that it is better to evaluate these agents principally in patients with sensitive mutations (e.g. KRAS mutations) [Hainsworth et al. 2010] .
Accordingly, all of the subsequent studies have implemented a strong accompanying biomarker program to help tailor MEK inhibitor therapy to a sensitive subset of NSCLC patients. This includes the MEK inhibitor monotherapy of KRAS-mutant NSCLC, combination of MEK/ AKT inhibitors in KRAS-mutant NSCLC and combination MEK/RAF inhibitors in BRAFmutant NSCLC. Moreover, the evaluation of a combination of a MEK inhibitor with systemic chemotherapy in KRAS wild-type and mutant NSCLC has been conducted.
In an interesting randomized phase II study reported by Blumenschein and coworkers, trametinib was compared with docetaxel in previously treated KRAS-mutant advanced NSCLC. Interestingly, trametinib has shown a similar progression-free survival [PFS; hazard ratio (HR) 1.14; 95% confidence interval (CI) 0.75-1.75; p = 0.5197] and response rate (p = 1.000) to docetaxel in this setting [Blumenschein et al. 2015] .
Another randomized phase II study has evaluated selumetinib plus docetaxel versus placebo plus docetaxel in previously treated KRASmutant advanced NSCLC. This study has shown a promising activity for the combination arm versus docetaxel alone [PFS: 5.3 months in the selumetinib group and 2.1 months in the placebo group (p = 0.014)] with a higher rate of adverse events in the combination arm [Jänne et al. 2013] . Moreover, this study has been conducted concomitantly with a murine cotrial with the same design and it showed a similar preclinical activity for mice with KRAS-mutant lung cancer xenografted into them [Chen et al. 2012] . Based on the encouraging data of both studies, a randomized phase III study (SELECT-1) with the same design has been launched and is currently recruiting participants [ClinicalTrials.gov identifier: NCT01933932].
Moreover, in order to better evaluate the potential for MEK/AKT inhibitor combination in a biomarker-enriched program setting, the study of the Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer Elimination (BATTLE-2) has been launched. As reported in the initial publication (in an abstract form in ASCO 2014), 198 patients were enrolled and randomized to either erlotinib (E) (22 patients), E plus the AKT inhibitor MK-2206 (M) (42 patients) 135 mg q week, M plus the MEK inhibitor selumetinib (A) (73 patients) or sorafenib (61 patients). Improved disease control rate was observed with EM and MA compared with E alone. Moreover, the MA combination is active in KRAS-mutant NSCLC and further study has been launched [Papadimitrakopoulou et al. 2014] .
Another recently reported phase II trial by Planchard and coworkers has explored another aspect of the use of MEK inhibitors. This was a phase II study which evaluated combination trametinib plus dabrafenib in BRAF V 600 mutated NSCLC patients. ORR was released in ASCO 2015 as of 63% and further efficacy and toxicity data are expected to be released soon .
In another study, Kelly and coworkers have evaluated in a phase I/Ib study the combination of trametinib and pemetrexed in both KRAS wildtype and mutant NSCLC. Interestingly, this combination shows evidence of activity not only in KRAS-mutant disease but also in KRAS wild type disease [Kelly et al. 2013] . Further research has been launched following the above paradigm of regimens incorporating pemetrexed and MEK inhibitors and the results are awaited.
Thus, the available clinical data indicate clearly the potential activity of selumetinib (and to a lesser extent trametinib) as a potential therapeutic option in KRAS-mutant NSCLC. This has fueled an enthusiastic research program with multiple phase III studies (as described in the following) further evaluating MEK inhibitors in NSCLC.
Resistance to MEK inhibitors and rationale for a combinational strategy
One of the emerging problems with MEK inhibitor therapy has been the development of resistance to these therapies. A number of mechanisms have been described to explain the development Nausea, fatigue, and peripheral edema were the three most-frequent toxicities.
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of this resistance and to help overcome it. For example, Troiani and coworkers have shown in a xenograft model of NSCLC that activation of cAMP-dependent protein kinase A is associated with selumetinib resistance. Moreover, combined targeting of both MEK and this kinase resulted in growth inhibition of selumetinib-resistant cancer cell lines in vitro and in vivo [Troiani et al. 2012] .
The following are examples of potential combinational strategies that may be of value in boosting the antitumor effect of MEK inhibitors and potentially overcoming possible resistance out of these agents.
(i) Tolcher and coworkers have recently published the results of a phase I study of combined AKT and MEK inhibition (using MK-2206 at 135 mg weekly and selumetinib at 100 mg once daily) in RAS-mutant solid tumors. They found generally durable responses in KRASmutant cancer which may provide an extra rationale for the use of this combination in KRAS-mutant lung adenocarcinoma [Tolcher et al. 2015] . (ii) Ku and coworkers evaluated the effects of combining BYL719 which is a selective inhibitor of phosphoinositide 3-kinase (PI3K) with selumetinib on KRASmutant NSCLC cell lines. Such a combination has shown a reliable evidence of synergy and this provides an additional modality to overcome the possible resistance to MEK inhibitors [Ku et al. 2015] . (iii) Takahashi and coworkers reported the results of an interesting preclinical study evaluating the combination of selumetinib and cediranib in NCI-H441 or NCI-H460 KRAS-mutant human NSCLC cells orthotopically injected into mice lung. It was clear that combining selumetinib with cediranib markedly increased their antitumor effects with almost complete disappearance of the lung lesions [Takahashi et al. 2012] . (iv) Lamba and coworkers have recently shown that RAF1 inhibition was synthetically lethal in KRAS mutant lung cancer cells treated with MEK inhibitors. This gives a rationale for developing combinational strategies of RAF/MEK inhibition in KRAS mutant lung cancer in order to avoid resistance to either agent alone [Lamba et al. 2014 ].
Thus, the above studies provide a strong rationale for the development of combinational strategies targeting simultaneously many critical pathways for NSCLC. This may be introduced clinically first in the setting of MEK inhibitor resistance but may then be extended to the upfront setting.
Ongoing projects
A number of ongoing studies have been launched to further evaluate MEK inhibitors in locally advanced/metastatic NSCLC ( [Carter et al. 2013] .
Conclusions
The search for newer, more effective and more intelligent therapies to improve the outcome of advanced NSCLC patients is a real challenge for the cancer research community. In the past decade, huge advancement in understanding the lung cancer biology has made it possible to develop smarter agents with a more tailored style of therapy.
About 15% of NSCLC patients have been estimated to be KRAS driven. Thus, development of focused therapeutic strategies against KRAS mutations has been considered a priority. Preclinical evidence of activity of MEK inhibitors in KRAS-mutant NSCLC has pushed forward the clinical development of these agents (namely selumetinib and trametinib) in KRAS-mutant NSCLC. Until now, the results of the clinical studies of these agents have been very encouraging and a number of randomized studies have been launched to confirm the activity of these agents and to establish their position in the treatment armamentarium of NSCLC. However, it has to be noted that although targeting MEK signaling is important, but therapeutic combinations will likely be necessary in order to achieve the desired therapeutic effect. 
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